, with its complex open-and closed-state inactivation (CSI) characteristics, is a primary contributor to early cardiac repolarization. The two alternatively spliced forms, Kv4.3-short (Kv4.3-S) and , differ by the presence of a 19-amino acid insert downstream from the sixth transmembrane segment. The isoforms are similar kinetically; however, the longer form has a unique PKC phosphorylation site. To test the possibility that inactivation is differentially regulated by phosphorylation, we expressed the Kv4.3 isoforms in Xenopus oocytes and examined changes in their inactivation properties after stimulation of PKC activity. Whereas there was no difference in open-state inactivation, there were profound differences in CSI. In Kv4.3-S, PMA reduced the magnitude of CSI by 24% after 14.4 s at Ϫ50 mV. In contrast, the magnitude of CSI in Kv4.3-L increased by 25% under the same conditions. Mutation of a putatively phosphorylated threonine (T504) to aspartic acid within a PKC consensus recognition sequence unique to Kv4.3-L eliminated the PMA response. The change in CSI was independent of the intervention used to increase PKC activity; identical results were obtained with either PMA or injected purified PKC. Our previously published 11-state model closely simulated our experimental data. Our data demonstrate isoform-specific regulation of CSI by PKC in Kv4.3 and show that the carboxy terminus of Kv4.3 plays an important role in regulation of CSI.
THE RAPIDLY INACTIVATING, voltage-dependent K
ϩ channels in cardiac and smooth muscle myocytes and neurons play important and different roles in these diverse cell types (2, 9, 10, 18, 20, 28, 30, 34, 47) . In cardiac myocytes, the rapidly inactivating K ϩ current (I to ) contributes to the early and subsequent phases of repolarization and, as a result, to excitation-contraction coupling (16, 28, 42, 46) . The pore-forming ␣-subunits Kv4.2 and/or Kv4.3 are the primary contributors to early repolarization in the heart of many animal species and humans (11, 31, 32, 39, 49, 50) . Much has been learned about our understanding of Kv4.2 and Kv4.3 channel gating. However, Kv4 inactivation is very complex, and the underlying mechanisms are still incompletely resolved (5, 9, 17, 18, 20, 21, 22, 34, 49) .
Kv4 inactivation mechanisms are different from those in other rapidly inactivating Kv channels, such as Shaker and Kv1. 4 . In these channels, the rapid and slow components of inactivation result from a ball and chain mechanism occluding the inner vestibule (N-type), and pore closure (C-type) (7, 12, 19, 23, 25, 30, 40, 41, 46, 52) . In contrast, Kv4 inactivation is more complex; deletion of either the amphipathic region of the NH 2 terminus of Kv4.1 or a largely hydrophilic region in the COOH terminus abolishes the rapid component of inactivation (20) . In contrast, other data suggest that the fast component of inactivation is due to occlusion of the inner vestibule by the NH 2 terminus (20) . Furthermore, the slower components of inactivation in Kv4 differ from C-type inactivation reported for Shaker K ϩ channels, where pore closure plays a critical role (7, 17, 19, 23, 25, 40, 44, 52) . In contrast to Shaker K ϩ channels, there is a substantial degree of inactivation in the Kv4 family that occurs from closed states (5, 6, 9, 17, 49) . Finally, unlike conventional N-and C-type inactivation mechanisms, both of which have the same coupling to activation (36) , Kv4 inactivation states are coupled to different states in the activation pathway (5, 9, 49) .
There are two variants of Kv4.3, short (Kv4.3-S) and long (Kv4.3-L), in both rat and human hearts (36, 47) . The long isoform contains a 19-amino acid insert after amino acid 487 in the COOH terminus, with a consensus protein kinase C (PKC) phosphorylation site (36, 47) . Previous work showed that activation of PKC with phorbol esters had a selective effect on the isoform of human Kv4.3 expressed in mouse Ltk Ϫ fibroblasts, i.e., only the long form of hKv4.3 showed a decrease in peak current and a shift in the availability and recovery from open-state inactivation (36) . The selectivity of effect seen with phorbol esters on open-state inactivation in Kv4.3-L suggested that a PKC phosphorylation site in the long isoform played an essential role in the modulation of open-state inactivation properties of Kv4.3 (36, 47) . However, these experiments did not examine the effects of an increased PKC activity on closed-state inactivation in the two Kv4.3 isoforms, which could provide valuable insights into the mechanisms underlying channel inactivation.
In our previous work, we resolved different isochronal inactivation relationships in Kv4.3 using pulses with different durations (49) . Our data indicated that Kv4.3 inactivation can occur from either the closed or open state, with identified multiple inactivation components. However, multiple inactivation pathways with different coupling to activation raise questions about the underlying mechanisms, i.e., are the different inactivation mechanisms coupled to each other, or are they independent? If the mechanisms are independent, we hypoth-esized that there would be interventions capable of modifying closed-state inactivation without changing open-state inactivation. If so, such an effect might be achieved by phosphorylation of a site(s) within the COOH terminus (36, 47) . Such understanding of the modulation of closed-state inactivation would provide novel insight into the regulation of Kv4 current in smooth muscle myocytes, neurons, and myocytes in ischemic myocardium. Thus we set out to examine the effects of phorbol 12-myristate 13-acetate (PMA) and injected PKC on open-and closed-state inactivation to gain further insight into the mechanisms of inactivation gating in Kv4.3 channels.
We have shown that an increase in PKC activity has the same effects on peak current-voltage relationship (I-V), openstate inactivation, and recovery from open-state inactivation in both isoforms of Kv4. 3 . Surprisingly, an increase in PKC activity had opposite effects on closed-state inactivation and recovery from closed-state inactivation in the two isoforms. Application of PMA decreased the magnitude of closed-state inactivation in Kv4.3-S, whereas its magnitude was increased in Kv4.3-L. When the threonine in the primary consensus PKC phosphorylation site in Kv4.3-L was mutated to alanine (Kv4.3-L[T504A]), the effect of increased PKC activity was similar to that for the Kv4.3-S. More importantly, mutation of T504 to aspartic acid, a change that often mimics phosphorylation of a serine or threonine, did not respond to PMA. These observations provide important insights into the regulation of Kv4.3 gating. The differences in response of closed-state inactivation to increased PKC activity imply that the putative phosphorylation site within the 19-amino acid insert in the COOH terminus of Kv4.3-L plays an important role in closedstate inactivation of the channel. Our previously published 11-state Kv4.3 model (49) closely simulates our experimental data and, as a result, the effects of PMA on the gating of the two isoforms of Kv4.3. Our data show that increased PKC activity can modulate recovery from closed-state inactivation and, as a consequence, closed-state inactivation independently of activation and open-state inactivation.
MATERIALS AND METHODS
RNA preparation and channel expression. Wild-type (WT) cDNA of rat Kv4.3 (short form) was a gift of Dr. David McKinnon (SUNY Stony Brook, Stony Brook, NY), and its use has been previously described (14, 38) . Synthetic mRNA was prepared using a mMESSAGE mMACHINE T7 kit (Ambion, Austin, TX). Kv4.3-L and Kv4.3 mutant channels with mutated PKC consensus phosphorylation sites in the 19-amino acid insert 81 amino acids downstream from the sixth transmembrane segment in the COOH terminus (Kv4.
, and Kv4.3-L[T504D]) were prepared by performing PCR-based site-directed mutagenesis as previously described (13, 33) .
Xenopus laevis were handled in compliance with the US Public Health Service Policy on Humane Care and Use of Laboratory Animals and National Institutes of Health Guide for the Care and Use of Laboratory Animals, as well as with University at Buffalo Institutional Animal Care and Use Committee Guidelines. All protocols were approved by the University at Buffalo State University of New York Institutional Animal Care and Use Committee. Mature female X. laevis (Xenopus One, Ann Arbor, MI) were anesthetized by immersion in a solution of ethyl 3-aminobenzoate methane sulfonate salt (1.5 g/l; Sigma-Aldrich, St Louis, MO), and ovarian lobes were removed through a small incision in the abdominal wall as previously described (37, 38) . The lobes were placed in a collagenase-containing, Ca 2ϩ -free OR2 solution [in mM: 82.5 NaCl, 2 KCl, 1 MgCl2, 5 HEPES, pH 7.4, with 1-2 mg/ml collagenase (type II; Sigma, St Louis, MO)] to remove the follicular layer. The solution containing the oocytes was gently agitated for about 1.5 h, and collagenase activity was then arrested by bovine albumin as previously described (14, 38) . Defolliculated oocytes (stages V and VI) were then injected with synthetic mRNA (up to 25 ng) using a Nanoject microinjection system (Drummond Scientific, Broomall, PA) and incubated at 18°C for 24 -72 h in an antibiotic-containing Barth's solution [in mM: 88 NaCl, 1 KCl, 2.4 NaHCO 3, 0.82 MgSO4, 0.33 Ca(NO3)2, 0.41 CaCl2, and 10 HEPES, pH 7.4, with 1% antibiotic-antimycotic solution (Invitrogen)].
Solution preparation. Solutions containing 4␣-phorbol 12,13-didecanoate (4␣-PDD; Sigma-Aldrich) and PMA (Calbiochem, EMD Biosciences, La Jolla, CA) were prepared immediately before each experiment. Ten nanomolar PMA was selected as the concentration that produced a sustained and significant effect while minimizing nonspecific effects (1, 29, 36) . PKC from rat brain (Calbiochem) was stored at Ϫ70°C and thawed immediately before use. Protein concentration was 35 g/ml with specific activity Ͼ1,000 U/mg protein. A Nanoject II was used to inject 27.6 nl of PKC solution or 0.97 ng of PKC into each oocyte. An inactivated PKC solution was prepared by heating the solution to 50°C for 30 min and then cooling to room temperature before injection (51) . The solution in which PKC was dissolved was prepared with 100 mM NaCl, 20 mM Tris ⅐ HCl, 1 mM DTT, 500 M EDTA, 500 M EGTA, and 10% glycerol, pH 7.5.
Electrophysiological techniques. Oocytes were voltage-clamped using a two-microelectrode high-performance oocyte clamp amplifier (CA1-B; Dagan, Minneapolis, MN), as described in detail previously (14, 38) . Microelectrodes were fabricated from 1.5-mm-outer diameter borosilicate glass tubing (TW150F-4; WPI) using a two-stage puller (L/M-3 P-A; Adams & List, Great Neck, NY) filled with 3 M KCl and having resistances of 0.6 -1.5 M⍀. During recordings, oocytes were continuously bathed in control ND-96 solution (in mM: 96 NaCl, 2 KCl, 1 MgCl 2, 1.8 CaCl2, and 10 HEPES, pH 7.4 adjusted with NaOH). Currents were recorded at room temperature (21-23°C) and filtered at 2.5 kHz.
Experimental protocols. To evaluate the effects of PMA on heterologously expressed Kv4.3-S, Kv4.3-L, and Kv4.3-L[T504A] with a mutated consensus PKC phosphorylation site in the 19-amino acid insert, we performed voltage-clamp protocols before and after exposure to PMA (30 min) in ND-96 solution. The voltage-clamp protocol for measurement of closed-state inactivation consisted of four pulses [holding potential (HP) ϭ Ϫ100 mV]: a pulse P1 (ϩ40 mV, 800 ms in duration), P2 (Ϫ100 mV, 5,000 ms), P3 (Ϫ50 mV, 800 -14,400 ms), and P4 (ϩ40 mV, 800 ms). The pulse protocol was repeated every 30 s. Normalized currents for closed-state inactivation were determined as the ratio of peak currents during P4 to those during P1; these values are shown as a function of P3 duration. Kinetics of closed-state inactivation were obtained by fitting the normalized peak amplitudes as a function of P3 duration (49) . Steady-state inactivation relationships for the open state were determined using a two-pulse protocol: current traces were obtained during depolarizing P1 pulses between Ϫ120 and ϩ50 mV in 10-mV voltage steps (HP ϭ Ϫ90 mV) for 2,000 ms, followed by a P2 pulse to ϩ50 mV for 1,000 ms. Steady-state inactivation relationships were determined as the ratio of the maximum of IKv4. 3 
where V1/2 and k are the halfactivation potential and the slope factor, respectively. Normalized conductance G/G max obtained in this way approaches 1 as V approaches infinity and slightly differs from the values reported when G(V) was normalized to G(V ϭ ϩ50 mV) (48) . Recovery from closed-state inactivation was obtained using a five-pulse protocol (HPϭ Ϫ90 mV): a pulse P1 (ϩ50 mV, 500 ms in duration), P2 (Ϫ120 mV, 5,000 ms), P3 (Ϫ50 mV, 10,000 ms), P4 (varied from Ϫ80 to Ϫ60 mV and from 10 to 13,610 ms), and P5 (set at ϩ50 mV for 500 ms). A 5,000-ms pulse P2 was chosen to enable the channel to recover from inactivation during P1. Recovery from open-state inactivation was measured using a two-pulse protocol: pulses to ϩ50 mV (P1) for 800 ms from HP ϭ Ϫ90 mV were followed by a second 200-ms depolarization (P2) to ϩ50 mV with a variable time gap (49) .
Data analysis. Digitized data were collected and analyzed using pCLAMP 9 software (Molecular Devices) and stored in a computer. Unless otherwise stated, raw data traces from two-microelectrode voltage-clamp recordings were not leakage or capacitance subtracted. The pulse protocols and the equations that best fit the data are presented. Data are shown as means Ϯ SE. Confidence levels were calculated using Student's t-test.
Computer simulations. Our Markov model (49) We assumed that initially (at Ϫ90 mV) all channels were in state C0 (C0 ϭ 1.0). Rate constants were adjusted to fit experimental data on gating following exposure to PMA in the two isoforms of Kv4.3. inactivation kinetics at ϩ50 mV to a similar degree in both isoforms (Fig. 2, C [1/2] , half-activation and half-inactivation potentials; k, slope factor; f and s, fast and slow components of inactivation. CSI values are normalized current at the end of 14,400 ms of CSI ͓ratio of the peak current (P4) at 14.4 s and the maximum peak current (P1)͔. *P Ͻ 0.05; †P Ͻ 0.01 vs. control. To determine whether the effects of PMA on closed-state inactivation were similar to its effects on open-state inactivation in the two Kv4.3 isoforms, we next examined the effects of 10 nM PMA on closed-state inactivation. In these experiments, we measured the effects of PMA on the normalized current at ϩ50 mV, 14.4 s after depolarization from Ϫ100 to Ϫ50 mV (Fig. 3) . The most significant difference between the responses to PMA was their opposing effects on closed-state inactivation at 14.4 s in the two isoforms of Kv4.3. After exposure to 10 nM PMA, the value of closed-state inactivation (at 14.4 s) changed from 0.58 Ϯ 0.03 to 0.72 Ϯ 0.04 in Kv4.3-S, representing a decrease in closed-state inactivation ( Fig. 4A and Table 1 Bioinformatic analysis of the extra 19 amino acids in Kv4.3-L showed the presence of consensus phosphorylation sites for PKC not present in Kv4.3-S, suggesting a possible mechanism for the differing effects of PMA on closed-state inactivation. Alternatively, the insertion of 19 amino acids in Kv4.3-L could be modifying the effect of PMA at a remote site in the channel. To test the former possibility, we evaluated three different Kv4.3-L mutants, each converting a potentially phosphorylated serine or threonine in the 19-amino acid insert to an alanine (S499A, S503A, and T504A). In contrast to the WT Kv4.3-L, the effects of 10 nM PMA on the mutant channel Kv4.3-L[T504A] were similar to that seen in the WT Kv4.3-S channel, i.e., PMA decreased the magnitude of closed-state inactivation in the mutant channel (Fig. 4C) To further test the potential role of phosphorylation of T504, we constructed Kv4.3-L[T504D], which adds a permanent negative charge at the putative phosphorylation site, mimicking the effect of phosphorylation (27) . Closed-state inactivation in the T504D mutant failed to respond to 10 nM PMA; however, it reacted similarly to WT Kv4.3-L with respect to other gating parameters and reduction in peak current amplitude ( Fig. 4D and Table 1 ). Our data show that PMA has opposite effects on closed-state inactivation in the short and long forms of Kv4.3 that are most likely mediated through the direct phosphorylation by PKC of a site only present in the 19-amino acid long form insert.
RESULTS

Effects
Each functional tetrameric Kv4.3-L channel has four 19-amino acid inserts compared with Kv4.3-S and, by extension, four PKC sites whose phosphorylation inhibits closed-state inactivation. In contrast to the rest of the channel, there is very little structural information about the COOH-terminal cytoplasmic region of rapidly inactivating K ϩ channels. What little is known has been derived from electron microscopic analysis of Kv4.2 (23) and suggests that the phosphorylation sites lie at the periphery of the channel complex and are unlikely to come in contact. If this is true, then each phosphorylated threonine at position 504 should be able to contribute to the enhancement of closed-state inactivation, regardless of the phosphorylation state of the other three. This model is reminiscent of Shaker N-type inactivation, where each NH 2 -terminal "ball" contributes to inactivation (26) .
To test the relative contribution of each T504 phosphorylation to enhancement of closed-state inactivation, we coexpressed Kv4.3-L and Kv4.3-L[T504A] mRNA in ratios of 1:5, 1:1, and 5:1 and examined their responses to PMA (Fig. 5) . Our assumption is that both the mutant and WT channels are translated and processed at the same efficiency and have an equal probability of being incorporated into a channel complex. The data in Fig. 5 suggest a model where each phosphorylation site acts independently; as the ratio of presumably phosphorylated WT Kv4.3 decreases, so does the effect on closed-state inactivation. At a 5:1 ratio of WT to T504A, where less than one-half of the channel complexes will be made up of four WT subunits, there is still substantial effect on closedstate inactivation. Likewise, at the 1:5 ratio, Ͻ1% of the tetramers will be all WT, and there is still measurable effect on closed-state inactivation. These data are consistent with the idea that phosphorylation at T504 on each of the four subunits independently influences closed-state inactivation.
To ascertain whether the effects of PMA on closed-state inactivation have similar voltage dependence in the two isoforms of Kv4.3, we examined the effects of 10 nM PMA on the magnitude of closed-state inactivation at different voltages in both isoforms (Fig. 6) . In these experiments, we again measured the effects of PMA on the relative magnitude of the current resulting from closed-state inactivation at 14.4 s. The magnitude of closed-state inactivation had nearly identical voltage dependence in Kv4.3-S and Kv4.3-L. However, PMA had an opposite effect on closed-state inactivation at each voltage tested. As expected, PMA decreased the magnitude of closed-state inactivation in Kv4.3-S and increased the magnitude of closed-state inactivation in Kv4.3-L without altering the voltage dependence of closed-state inactivation in the two isoforms of Kv4.3.
Differences in magnitude of closed-state inactivation could be attributed to changes in closed-state inactivation and/or recovery from closed-state inactivation. We first evaluated the effects of 10 nM PMA on closed-state inactivation in both isoforms. Whereas we showed that PMA had significant effects on the magnitude of closed-state inactivation in Kv4.3-S and Kv4.3-L, we observed no significant effects on the time constant of closed-state inactivation [Kv4.3-S: 6,680 Ϯ 481 ms (control), 6,464 Ϯ 498 ms (PMA), n ϭ 9; Kv4.3-L: 5,700 Ϯ 614 ms (control), 5,547 Ϯ 318 ms (PMA), n ϭ 9]. These observations suggested that the observed isoform-specific effect on closed-state inactivation could be due to PMA-induced differences in recovery from closed-state inactivation. We tested this possibility by examining the effects of PMA on the recovery from both open-and closed-state inactivation. PMA had no significant effect on recovery from open-state inactivation in the two isoforms of Kv4.3 ( Fig. 7 and Table 2 ). On the other hand, recovery from closed-state inactivation at Ϫ80 mV was accelerated by PMA in Kv4.3-S and slowed in Kv4.3-L ( Fig. 7 and Table 2 ). The time constant for recovery from closed-state inactivation decreased in Kv4.3-S at Ϫ80, Ϫ70, and Ϫ60 mV by 18.4, 20.5, and 34.0%, respectively. In contrast, the recovery time constant from closed-state inactivation in Kv4.3-L increased by 19.0, 23.2, and 30.5% at Ϫ80, Ϫ70, and Ϫ60 mV, respectively (Table 2 ). Thus our data show that the major isoform-specific effect of application of phorbol esters on Kv4.3 is to regulate the recovery from closed-state inactivation.
Two types of effects that could confound our results. One possibility is that PMA is somehow influencing Kv4.3 directly, instead of by its well-established activation of PKC. A second possibility is that PMA is influencing Kv4.3 activity though an intermediary protein present in oocytes. To exclude the former Fig. 7 . Experimental data on recovery from open-and closedstate inactivation of Kv4.3-S and Kv4.3-L. Recovery from closed-state inactivation was obtained using a 5-pulse protocol (HP ϭ Ϫ90 mV): a pulse P1 (ϩ50 mV, 500 ms in duration), P2 (Ϫ120 mV, 5,000 ms), P3 (Ϫ50 mV, 10,000 ms), P4 (Ϫ80 mV, with duration varied from 10 to 13,610 ms), and P5 (set at ϩ50 mV for 500 ms). Representative current traces are shown for recovery from closed-state inactivation of Kv4.3-S (A and B) and Kv4.3-L (E and F) in control (A and E) and after application of PMA (B and F). Normalized currents for recovery from closed-state inactivation are plotted for Kv4.3-S (circles; C) and Kv4.3-L (squares; G) as functions of P4 duration before (filled symbols) and after application of PMA (open symbols). Recovery from open-state inactivation was measured using a 2-pulse protocol: pulses to ϩ50 mV (P1) for 800 ms from HP ϭ Ϫ90 mV were followed by a second 200-ms depolarization (P2) to ϩ50 mV with a variable time gap. Normalized currents for recovery from open-state inactivation were plotted for Kv4. Fig. 8 and Table 1 ). Steadystate inactivation in the absence and presence of injected PKC was not significantly different between the short and long isoforms of Kv4.3 ( Fig. 9 and Table 1) . However, open-state inactivation kinetics at ϩ50 mV were accelerated to a similar degree in both the short and long forms of Kv4.3. Heatinactivated PKC and PKC carrying buffer alone had no effect (see Supplemental Figs. 1-4 (Fig. 10 and Table 1 ). In the mutant Kv4.3-L[T504A], the effects of injected PKC on closedstate inactivation changed from 0.62 Ϯ 0.05 to 0.76 Ϯ 0.04, similar to that seen in the WT Kv4.3-S channel (Fig. 10) . The similarities of the effects of PMA and injected PKC on the gating properties of Kv4.3 suggest that the effects of PMA are mediated via increased PKC activity.
Simulations. To gain mechanistic insights into the effects of PKC on Kv4.3-S and Kv4.3-L, we used our previously pub- in voltage dependence of G/G max , steady-state inactivation relationships, closed-state inactivation kinetics, and recovery from open-state inactivation were observed. According to these data, rate constants K6 and K12 in the model (49) were increased by a factor of 2.3 to fit the experimental data on closed-state inactivation for Kv4.3-S and Kv4.3-L under control conditions. To simulate the effects of PMA on the Kv4.3-S open-state inactivation pathway, we increased rate constant K3 by a factor of 1.4 without changing the backward rate constants (K4, K8, and K10). This modification ensured an increase in open-state inactivation kinetics without causing a significant change in open-state recovery kinetics. In the closed-state inactivation pathway, the forward rate constant K6 was multiplied by 1.7 to fit the experimental data following exposure to PMA, which showed a decrease in magnitude of closed-state inactivation and acceleration of recovery from closed-state inactivation. In addition, rate constant K12 was multiplied by a factor of 2.4 (the product of 1.7 ϫ 1.4) to ensure thermodynamic reversibility. The increase in K12 also avoided the change in recovery from open-state inactivation that is determined by K4, K8, and K10. Our simulations showing an acceleration of the two components of open-state inactivation kinetics, a decrease in magnitude of closed-state inactivation, and an acceleration of recovery from closed-state inactivation were associated with changes in rate constants that also led to an acceleration of closed-state inactivation kinetics that was not observed experimentally. To prevent such acceleration of closed-state inactivation kinetics, both K5 and K6 were multiplied by an additional factor of 0.75. The resulting simulation replicates the major effects of PMA on Kv4.3-S (Fig. 11) . The only experimental data our model could not reproduce was the decrease in the normalized current amplitude in the presence of PMA (Fig. 1C) . This discrepancy is addressed further in the DISCUSSION. A similar strategy was applied to the modeling of PMA effects on Kv4.3-L: 1) a decrease in peak I-V, 2) acceleration of two components of open-state inactivation kinetics, 3) an increase in magnitude of closed-state inactivation, and 4) slowing recovery from closed-state inactivation (Figs. 1-4 and Tables 1 and 2 ). As in the case of Kv4.3-S, no significant changes in voltage dependence of G/G max , steady-state inactivation relationships, closedstate inactivation kinetics, and recovery from open-state inactivation were observed for Kv4.3-L. To simulate changes in Kv4.3-L gating due to effects of PMA, we increased rate constant K3 by a factor 1.4 to account for acceleration of open-state inactivation, multiplied K6 by 0.5 to account for slowing recovery from closed-state inactivation, and multiplied K12 by 0.7 (0.5 ϫ 1.4) to ensure thermodynamic reversibility. However, with only these changes in rate constants we were unable to simulate acceleration of the second component of open-state inactivation and slowing recovery from closed-state inactivation. In addition, the model resulted in slowing of closed-state inactivation kinetics and acceleration of recovery from open-state inactivation, which were not observed in the experiments. Therefore, we increased K7 by a factor 1.3, K5 and K6 by an additional 1.25, and K12 by an additional 1.3. The resulting model and its simulations closely approximated experimental changes in Kv4.3-L gating in response to activation of PKC, however the deviation between simulated and experimental peak I-V data for Kv4.3-L was also observed.
The resulting rates for Markov models of Kv4.3-S and Kv4.3-L in response to exposure to PMA are shown in Table  3 . The simulations confirmed experimental findings on PKC effects on different isoforms of Kv4.3. In both isoforms, the primary effect of PKC was on recovery from closed-state inactivation. In Kv4.3-S, the magnitude of closed-state inactivation in the model was decreased due to the acceleration of recovery from closed-state inactivation, whereas in Kv4.3-L, the recovery from closed-state inactivation was slowed. In addition, in both Kv4. 
DISCUSSION
Despite detailed biophysical studies of Kv4.3 channels, many unresolved questions remain (2, 5, 9, 10, 17, 18, 20 -22, 44, 49) . We recently showed that the complexity of gating in Kv4.3 channels is explained by multiple inactivation components accounting for both open-and closed-state inactivation (49) . Multiple inactivation pathways suggest the possibility of independent modulation of open-and closed-state inactivation. Recent observations showed that phosphorylation of the COOH termini of voltage-gated K ϩ channels can alter channel gating (29, 36, 38, 43) . In Kv4.3 channels, stimulation and inhibition of PKC have been shown to modify peak I-V, availability, and recovery from open-state inactivation (29, 44) . However, these effects were noted in the long isoform of Kv4.3 but not in the short isoform. To ascertain whether parallel effects would be seen in closed-and open-state inactivation, we selected PMA and PKC isolated from rat brain to further examine the coupling of closed-and open-state inactivation during an increase in PKC activity.
Although it is widely accepted that open-and closed-state inactivation in Kv4 channels are coupled to activation, the nature of the coupling is uncertain. Skerritt and Campbell (45) recently showed that mutation of arginine to alanine in the Kv4.3 voltage-sensing transmembrane segment not only altered activation but also altered the development of closedstate inactivation, suggesting that the coupling between activation and closed-state inactivation might be altered. This study begs the question whether other interventions could alter the coupling between inactivation and activation (45) and provides compelling evidence to further explore the mechanisms that underlie the coupling between activation and openand closed-state inactivation in Kv4.3 channels. A second recent study by Barghan and Bähring (6) suggested that amino acids critical for voltage-dependent gate opening were also critical for closed-state inactivation in Kv4.2, suggesting a dynamic coupling between the two gating events in Kv4.2. Together with the data presented in the current study, these findings suggest that closed-state inactivation is coupled with different aspects of channel gating and that at least parts of the process must be physically separable from open-state inactivation.
Our study demonstrated that stimulation of PKC had minimal effects on activation and steady-state inactivation and yet had substantial effects on closed-state inactivation. Whereas previous studies examined the effects of PKC stimulation and inhibition on activation and open-state inactivation and recovery, we are the first to show that increases in PKC activity can have large and different effects on CSI in the two isoforms. Indeed, when the consensus phosphorylation site was mutated, the effects of PMA on closed-state inactivation elicited either the same responses in Kv4. The changes in rate constants used to simulate our experimental data on closed-state inactivation support the view that closed-state inactivation is modulated directly by sites within the COOH terminus and that these changes have their most profound influence on the reverse process, recovery from closed-state inactivation.
Our simulations accounted for all of our experimental data except for the decrease in Kv4.3 current. Low concentrations of PMA are known to reduce the membrane surface density of several heterologously expressed ion channels and transporters in Xenopus oocytes, including epithelial Na ϩ channel (ENaC) (1). We showed that 1 nM PMA caused a significant decrease in peak current of both isoforms without any significant effect on the two components of open-state inactivation. Our data support our view that in Xenopus oocytes, part of the effect of PMA on peak current is due to membrane trafficking.
The change in voltage dependence of the time constant for recovery from closed-state inactivation during exposure to PMA was significant. In addition, the changes in recovery time constants were sufficiently large to account for the decrease in closed-state inactivation magnitude in Kv4.3-S and the increase in closed-state inactivation magnitude in Kv4.3-L during exposure to PMA ( Table 2 ). The lack of concordance between the effects of PMA on open-and closed-state inactivation in conjunction with the increase in recovery from closed-state inactivation emphasizes the importance of amino acid 504 in the development of closed-state inactivation. In Kv4.3-L, the negative charges in T504 that appear during exposure to PKC are sufficient to slow recovery from inactivation and slow closed-state inactivation. Furthermore, this effect on closed-state inactivation is mediated via each channel subunit, as we have shown in the experiments with different ratios of WT Kv4.3-L and the mutant Kv4.3-L[T504A]. In fact, regulatory effects of protein phosphorylation by PKC on channel gating have been identified in other Kv channels (4, 8, 15) . In addition, we can exclude the possibility that PMA, an activator of PKC activity, could have modulated other proteins within the oocytes, which in turn influence Kv4.3 closed-state inactivation. Our injected PKC data show striking similarities to those resulting from PMA. Hence, our data explain how PKC causes directionally opposite effects on closed-state inactivation, which is due to different changes in recovery from closed-state inactivation but not open-state inactivation.
In this study, we have linked a specific effect on closed-state inactivation to specific residue T504 within the COOH terminus of Kv4.3-L. However, a recent study on modulation of human ERG1 by PKC (13) raised concern about linkage of a particular phenotype to phosphorylation of a specific residue.
That study showed that many sites in human ERG1 are phosphorylated under basal conditions, which raised concerns about the ability to assign phosphorylation of a specific amino acid to a particular modulation of the channel. Similar concerns could be expressed about our proposed linkage between a particular closed-state inactivation phenotype to a specific residue within the COOH terminus. Although the PKC-mediated decrease in Kv4.3-S closed-state inactivation suggests at least one other phosphorylation site is involved, our data show that the phosphorylation of amino acid 504 in Kv4.3-L by PKC accounts for the opposing responses in closed-state inactivation between the short and long isoforms of Kv4.3.
Isoform-specific effects of PKC on Kv4.3-L have been previously examined (36) . In contrast to data presented in the current study, Po et al. (36) observed decreases in total current expression, a hyperpolarizing shift in steady-state inactivation, and slow recovery from inactivation only in Kv4.3-L; Kv4.3-S was relatively unaffected. These differences, like our changes in closed-state inactivation, were attributed to phosphorylation of a threonine in the unique 19-amino acid insert in Kv4.3-L [position T503 in the human clone used by Po et al. (36) , position T504 in the rat clone we used]. The human and rat proteins differ by only 4 of 655 amino acids. Therefore, the major difference between these two studies appears to be the expression systems; Xenopus oocytes in our case compared with Ltk Ϫ fibroblasts (L cells) used by Po et al. (36) . Kv4.3 associates with a variety of ancillary subunits, many of which are expressed in the absence of Kv4.3 and could be present to a greater or lesser extent in either cell type (3, 35, 37) . In addition, there are 10 isoforms of PKC whose expression is likely different in oocytes and L cells (33) . Given these differences, we cannot reconcile our results with those of previous investigations (36) .
Regardless of earlier studies, our novel data on open-and closed-state inactivation sheds new and important information on the role of the consensus phosphorylation site in the COOH terminus in the long isoform of Kv4.3 and their differential effects on recovery from inactivation. Our data also show that the effects of PMA on closed-state inactivation are similar at all voltages tested and that the phosphorylation of the consensus phosphorylation site in splice variant insert in each of the subunits contributed to the effect of increased PKC activity on closed-state inactivation. Finally, we have shown that recovery from closed-state inactivation is a major determinant of the magnitude of closed-state inactivation during depolarization. The singular importance of this novel observation is of importance in understanding the mechanism played by the COOH terminus in response to PKC and its impact on the availability of channels for opening.
Physiological implications. We showed that an increase in PKC activity altered the peak I-V and the magnitude of closedstate inactivation of I Kv4.3 . A decrease in peak current amplitude after application of PMA was observed in native I to in human and rat cardiac myocytes (29, 36) . If the change in magnitude of closed-state inactivation occurs in native channels, it would change the degree of inactivation of I to . Hence, an increase in closed-state inactivation would decrease the fraction of channels that are available for opening in atrial and ventricular myocytes. The magnitude of increase in closedstate inactivation during stimulation by PKC in the long form of Kv4.3 would result in a decrease in peak I-V at potentials where closed-state inactivation occurs, such as Ϫ60 mV. This effect would be dominant in those cells expressing Kv4.3-L, in the sinoatrial node, in cardiac myocytes during ischemia, or in vascular smooth muscle and neurons under physiological conditions, where the resting potential is more depolarized than in normal cardiac myocytes.
Limitations. This study showed that increased PKC activity has significant effects on closed-state inactivation that was dependent on the presence of the consensus phosphorylation site in the isoform insert of Kv4.3. However, we cannot exclude the possibility that these effects are not solely due to the phosphorylation of the consensus phosphorylation site in the isoform variant insert in the long isoform of Kv4.3 or a specific isoform of PKC (8, 13) . Finally, we also cannot exclude the possibility that the kinase that phosphorylates Kv4.3-L is not PKC but an intermediary kinase that requires PKC activation. Regardless, our data indicate that Kv4.3-L is directly phosphorylated by a PKC-dependent mechanism (13) .
